The LysR-type transcriptional regulators (LTTRs) comprise the largest family of prokaryotic transcription factors. These proteins are composed of an N-terminal DNA binding domain (DBD) and a C-terminal cofactor binding domain. To date, no structure of the DBD has been solved. According to the SUPERFAMILY and MODBASE databases, a reliable homology model of LTTR DBDs may be built using the structure of the Escherichia coli ModE transcription factor, containing a winged helix± turn±helix (HTH) motif, as a template. The remote, but statistically signi®cant, sequence similarity between ModE and LTTR DBDs and an alignment generated using SUPERFAMILY and MODBASE methods was independently con®rmed by alignment of sequence pro®les representing ModE and LTTR family DBDs. Using the crystal structure of the E.coli OxyR C-terminal domain and the DBD alignments we constructed a structural model of the fulllength dimer of this LTTR family member and used it to investigate the mode of protein±DNA interaction. We also applied the model to interpret, in a structural context, the results of numerous biochemical studies of mutated LTTRs. A comparison of the LTTR DBD model with the structures of other HTH proteins also provides insights into the interaction of LTTRs with the C-terminal domain of the RNA polymerase a subunit.
INTRODUCTION
The LysR-type transcriptional regulators (LTTRs), ®rst described by Henikoff et al. (1) are present in diverse bacterial genera, archaea and algal chloroplasts (2) . They are thought to constitute the largest family of prokaryotic DNA binding proteins. According to recent compilations (3), the reportoire of 314 DNA binding proteins encoded by the genome of Escherichia coli K12 contains 45 LTTRs (18 experimentally veri®ed and 27 predicted). Over the last 10 years, the number of protein sequences recognized as LTTRs has expanded from~50 (2) to~800 according to the PFAM database (4) of protein families. Biochemical studies of various LTTRs show that they are similarly sized molecules (300±350 amino acids) that activate the transcription of operons and regulons involved in extremely diverse cellular functions including nitrogen ®xation, oxidative stress response and bacterial virulence (2) . Most LTTRs, while activating expression of target genes, repress their own expression, frequently by the use of divergent promoters. In common with other bacterial transcription factors (e.g. LacI, AraC), LTTRs act as homodimers or homotetramers. Mutational studies have mapped the DNA binding activity to the N-terminal part of the sequence (2, 5) . According to secondary structure prediction methods this part of the sequence is likely to form a helix±turn±helix (HTH) motif (1) . The highest sequence similarity between LysR-type proteins exists within the 66 N-terminal amino acids containing the putative HTH motif. Most LTTRs require a small molecule ligand to act as a coinducer. The ligand binding site has been mapped by mutational studies to the C-terminal part of the sequence (2, 6) .
Structural studies of LTTRs have been limited to the crystal structures of the cofactor binding domains of Klebsiella aerogenes CysB (7) and E.coli OxyR (8) proteins. Both structures are composed of two a/b domains linked by two interdomain strands. They are structurally similar to the periplasmic ligand binding proteins (PBP) which, according to SCOP (9) classi®cation, belong to the PBPII superfamily. In the case of CysB the two a/b domains enclose the ligand binding cavity (7) . Similarly to PBPs, LTTRs bind many different classes of compound including sugars, amino acids and inorganic anions (2) . The LTTR structures are also highly similar to those of the cofactor binding domains of the LacI family of transcriptional repressors, which are also composed of two a/b domains (7). For both CysB and OxyR the availability of structures of the C-terminal domain dimers allows comparison with the dimer of the Lac repressor. Surprisingly, the arrangement of monomers in the LTTR dimers is signi®cantly different to that of the Lac repressor (7) . The two N-terminal DNA binding domain (DBDs) are located at the same end of the dimer in the Lac repressor, whereas in LTTR dimers they are present at opposite ends.
At present, there is no experimentally determined structure of an N-terminal DBD for any LysR-type protein. DBDs of LTTRs, although highly conserved, are not closely related to *To whom correspondence should be addressed. Tel: +48 22 658 44 99, ext. 2348; Fax: +48 22 658 46 36; Email: andrzejk@ibb.waw.pl any protein of known structure. Recent advances in sequence analysis techniques permit reliable fold assignment even in the cases of remote sequence similarity. In two genome-scale fold recognition efforts the LTTR DBDs were recognized as sharing the fold of the winged HTH DBD from the ModE transcriptional regulators. Both the SUPERFAMILY (10) and the MODBASE (11) services propose the same alignment between various LTTRs and the E.coli ModE transcription regulator, the only member of ModE family for which the structure is known (12) . The remote sequence similarity between ModE and LTTR proteins is also noted in the PFAM (4) database, although no alignment is given. In this study we use a homology model of the LTTR DBD, built according to alignment with the ModE protein, to propose a structural model of the full-length LTTR dimer and its mode of protein±DNA interaction. Using this new structural model we propose a possible arrangement for the DBDs with respect to the cofactor binding domains.
As the basis of our model we have used the example of E.coli OxyR protein, from which the C-terminal domain has been solved by Choi et al. (8) . The OxyR protein, which activates the oxidative stress response, works as a redox switch, with its C-terminal domain undergoing a conformational change as the result of the formation of a disul®de bridge (8) . This model system was chosen because of the available data, which proved useful for veri®cation of the relative arrangement of the DBD and the cofactor binding domains.
Due to the high degree of sequence similarity among LTTR family members the model presented in this work may be used to gain structural insights not only into the function of the OxyR protein but also of other members of the LTTR family. We demonstrate that the model can be used to interpret and understand the results of numerous mutational and biochemical studies conducted on these proteins and to direct further experimental work.
MATERIALS AND METHODS

Database searching and sequence alignment
The SUPERFAMILY (10) and MODBASE (11) internet services have been used to ®nd a template structure for homology modeling of the OxyR DBD. Both databases were searched for proteins with known structures aligned with the sequence of the OxyR N-terminal domain (residues 1±85). The alignment of sequence pro®les representing OxyR and ModE DBDs was calculated in the following way. First, a BLAST (13) search of the SwissProt/trEMBL (14) database was performed to collect all the sequences signi®cantly (E-value < 10 ±4 ) similar to the E.coli ModE and OxyR DBDs. To eliminate near identical sequences from the two sequence sets, the BLASTCLUST (13) program (E-value < 10 ±6 ) was applied. The two resulting sets of sequences, representing the ModE and LTTR DBDs were separately aligned using the CLUSTALX (15) program with default parameters. Subsequently, two sequence pro®les, computed from the alignments of the ModE and LTTR DBDs, were aligned with the CLUSTALX program.
Model building
The model of a single OxyR DBD was built using Swiss-Pdb Viewer (16) software. The OxyR and ModE DBDs were aligned according to the results of the sequence analyses described above (see Fig. 1 ). The initial coordinates of the OxyR DBD, assigned by the Swiss-Pdb Viewer were submitted for re®nement to the Swiss Model (16) service. The dimer of OxyR DBDs was built by superimposing the model structure onto the two monomers composing the dimer of the ModE DBD.
The relative position of the DBD dimer (residues 1±85) and the C-terminal domain dimer (residues 86±298) was found using the following protocol implemented with the XPLOR (17) software. Both dimers were randomly positioned in space with respect to each other. The peptide bonds joining residues 85 and 86 in both polypeptide chains of the OxyR dimer were de®ned. As is a common practice in the NMR structure determination of homodimers, non-crystallographic symmetry restraints (18) were added to the force ®eld. A molecular dynamics (MD) simulation was subsequently started in which the DBD dimer was treated as a rigid body, the loops (residues 86±90) were¯exible and residues 91±298 of C-terminal domains remained in ®xed positions. The calculations were stopped when the RMS deviation of DBD positions converged to the values <0.1 A Ê . The MD simulations were repeated 100 times, starting from a different random con®gurations, and the main chain bond lengths were examined in the loop regions of resulting alternative models. The models containing the bonds with the lengths deviating by >1.0 A Ê from the equilibrium values were rejected. These models represented relative con®gurations of the DBD and C-terminal domain dimers in which the distances between the corresponding ends of the polypeptide chains were too large to allow joining of the domains by the¯exible loops. The average structure of the remaining models was computed and re®ned by a standard simulated annealing protocol (19, 20) .
The ®nal structures were evaluated by the PROCHECK (21), PROSAII (22) and MATCHMAKER (23) programs. To test if the Z-score values computed by PROSAII software are within the range characteristic for the properly folded polypeptide chains of the given length the pG values (24) were computed at http://guitar.rockefeller.edu/pg/. Swiss-Pdb Viewer software was used to create structural alignments of the OxyR DBD model and experimental structures of other transcription factors by superimposition of the C a atoms of the residues belonging to HTH motif. Solvent accessible surface areas were computed using the XPLOR program with default parameters. The electrostatic potential was calculated and mapped to the surface using numerical integration of the Poisson±Boltzmann equation as implemented in the SwissPdb Viewer.
The structures used in this work
The following experimentally determined structures were used in this work: C-terminal domain of E.coli OxyR (PDB codes: 1I69, 1I6A), 
RESULTS AND DISCUSSION
Sequence similarity among DNA binding domains of LTTR and ModE family transcriptional regulators
The DBDs of LTTRs do not share high sequence similarity with any protein of known structure. A variety of contemporary sequence analysis methods, based on sequence pro®les (13) and hidden Markov models (HMM) (25) allow reliable detection of remote sequence similarity, which re¯ects a common fold in the proteins analyzed. The SUPERFAMILY (10) and MODBASE (11) databases contain the results of the application of these methods to all protein sequences from fully sequenced genomes and all sequences from the SwissProt/trEMBL database, respectively. We searched both databases for the proteins of known structure sharing remote sequence similarity with the N-terminal domain (residues 1±85) of the E.coli OxyR transcription factor. Both services indicated similarity between the OxyR N-terminal domain and the winged HTH DBD of the ModE transcription factor from E.coli. The alignments of the OxyR sequence (1±85) and the ModE DBD were the same in both databases. The alignment generated by MODBASE also erroneously included part of the OxyR C-terminal domain aligned with the ModE cofactor binding domain. Due to this error the homology model, automatically generated by MODELLER (26) software, has very low overall quality.
The sequence similarity between the ModE and OxyR DBDs, although remote (12% identity), is statistically signi®-cant. The E-value of an alignment of the OxyR DBD with a HMM representing the ModE DBD is 4.6 Q 10 ±25 , according to SUPERFAMILY. In MODBASE, the sequence similarities were detected by PSI-BLAST searches with an E-value < 10 ±4 .
Correctness of the alignment is the most important factor determining the quality of the model in homology modeling. To further con®rm the alignment of the LTTR and ModE DBDs we aligned sequence pro®les representing both families. The pro®le±pro®le alignment procedure applied here used information about the sequence variability within the two families under comparison, whereas in the database searches described above the single protein sequences were aligned with pro®les or HMMs representing the protein families. An alignment including members of the LTTR family other than OxyR was also necessary for the analysis of results of mutational studies. The sequences of the ModE family of transcriptional regulators and those representing the LTTR family members were collected from the SwissProt/trEMBL (14) database by standard BLAST (13) sequence similarity searches (see Materials and Methods for details). The sequence sets representing LTTR and ModE families were separately aligned by the CLUSTALX (15) program. The same program was subsequently used to align pro®les representing the alignments of both families. The ®nal alignment is shown in Figure 1 . It is clear that the hydrophobic residues are conserved in both families. As will be described below, these residues form the hydrophobic core of both the ModE and LTTR DBDs. Another conserved position is represented by serine 44 of ModE, a residue located in the turn of the HTH motif and probably involved in the interaction with the phosphate backbone of DNA.
Alignments of the OxyR N-terminal domain and the N-terminal domain of ModE family members calculated by the SUPERFAMILY and MODBASE services were exactly the same as the one produced by pro®le±pro®le alignment of LTTR and ModE families. The statistical signi®cance of the sequence similarity, conservation of the hydrophobic core and agreement between the alignments calculated by three independent and well established methods indicated that the alignment of LTTR and ModE families, shown in Figure 1 , may be used for reliable homology modeling of the LTTR DBD.
The structure of the full-length OxyR transcriptional regulator
To build a homology model of the DBD of the E.coli OxyR transcription factor we used as a template the structure of the ModE protein from E.coli (12), the only member of ModE family for which the structure has been solved. Figure 2A shows the model of the OxyR DBD monomer built according to the alignment shown in Figure 1 . A model of the OxyR DBD dimer was built by superimposition of two monomer structures on the monomers composing the dimer of ModE DBDs. According to our model, the DBD is composed of a globular part plus a long a-helix forming the backbone (a4), which is responsible for most of the interactions between the DBD monomers. The globular part, containing the winged HTH structural motif is formed by three alpha helices (a1, a2 and a3). Helices a2 and a3 form the HTH structure and the wing is formed by the loop joining the strands b2 and b3. In the dimer, the two long backbone helices (helices a4) form the surface, which in the ModE protein is turned towards the cofactor binding domains. We will refer to this surface as thē at face of the DBD domain. The arrangement of the DBDs in functional LTTR molecules has remained a puzzle since the structure of the CysB cofactor binding domain dimer was solved (7). This structure shows that the DBDs are located at the opposite ends of the dimer, which is contrary to the well known example of the LacI family transcription factors in which the N-terminal ends of the cofactor binding domains point in the same direction. To study a possible arrangement of the DBD and C-terminal domain dimers we have applied a conformational sampling protocol described in Materials and Methods. During the simulation we were looking for the conformations in which the C-terminal ends of the DBD domains (residues 1±85) could be joined with the N-terminal ends of the regulatory domains (residues 90±298) by a¯exible loop without introducing steric clashes and distorted conformations of a polypeptide chain. The conformational sampling, starting from 100 random initial con®gurations, was performed for both the oxidized and reduced forms of the OxyR. The simulations yielded 23 and 30 alternative conformations for the reduced and oxidized forms, respectively. In both cases, alternative models represented very similar structures. The RMS deviation of non-hydrogen atom positions from the averaged structure of the reduced form was 1.31 A Ê . A similar value of 1.33 A Ê was obtained for the oxidized form of the OxyR molecule. Therefore, the averaged structures were subjected to the simulated annealing re®nement and considered as ®nal models of the OxyR transcription factor dimers. The stereochemistry of the re®ned models was evaluated using the PROCHECK (21) software. The quality of the models was assessed by statistical potentials implemented in PROSAII (22) and MATCHMAKER (23) programs. The Z-score values calculated by PROSAII were in the ranges observed for the correctly folded protein chains of the same length. The pG values (see Materials and Methods) were equal to 1 for full-length models of the reduced and oxidized forms, and the pG value for the DBD dimer alone was 0.98. The statistical potential, as calculated by MATCHMAKER, had negative values for both the DBD dimer model (±0.12 kT) and the models of full-length reduced and oxidized OxyR molecules (±0.26 and ±0.29 kT, respectively). Both the pG values close to 1 and a negative statistical potential indicate that the models are valid. PDB ®les containing the coordinates of the full-length OxyR dimers are available on request.
The models of the reduced and oxidized forms of OxyR dimers are shown in Figure 2 . In both cases, the¯at face of the DBD domain is turned towards the face of the C-terminal domain formed by helices B, C and strands 7, 8 and 11. The stretch of residues linking the DBD and C-terminal domains is shorter than is the case in the ModE family. In E.coli ModE protein, the backbone helix of the DBD is linked with the cofactor binding domain through a loop followed by a short helix (12) . The stretch of residues linking the DBD and regulatory domains in the OxyR and other LTTR proteins is too short to accommodate a helix. Our models show that these domains are joined by¯exible loops. The sensitivity of the linker sequence joining the DBD and the C-terminal domains of the OxyR to proteolytic digestion (8) supports the presence of a¯exible solvent exposed loop in this region.
The activation of OxyR occurs following the formation of a disul®de bridge between Cys199 and Cys208 (27) . In the oxidized form of the OxyR dimer the regulatory domains are rotated by 30°, with respect to the reduced form, in such a way that the N-terminal ends are moved towards the DNA and towards the interface with the DBD (8) . Hydroxyl radical footprinting and interference assays have been used by Toledano et al. (28) to compare the DNA binding sites of the reduced and oxidized forms of the OxyR. The results obtained with the oxyR/oxyS divergent promoter demonstrated that the oxidized form of OxyR tetramer binds four adjacent major grooves (grooves 1, 2, 3, 4), whereas the reduced form binds two pairs of adjacent major grooves separated by one helical turn (grooves 1, 2, 4, 5). Moreover, it has been also shown that groves 1 and 2 are exactly the same parts of the DNA molecule in both cases. This observation lead authors to propose that each of the two OxyR dimers, occupying the DNA binding site, binds two adjacent major grooves. According to this model, reduction of the OxyR causes conformational change that in¯uences interaction between dimers in such a way that one of them remains bound at grooves 1 and 2, while the other is shifted to the neighboring binding site (grooves 4, 5) . The model presented in our work further supports the mechanism described above as it shows that similarly to the ModE transcription factor the OxyR dimer indeed binds the two adjacent major grooves of the DNA molecule. As both forms of the OxyR were shown to bind exactly the same site on the DNA (grooves 1, 2), it is also very unlikely that conformational change of the regulatory domain dimer causes signi®cant conformational change within the Shading was added to assist interpretation. Amino acids were divided into the following groups {FYVLIVMCA} (hydrophobic), {DE}, {KR}, {NQ} and {ST}. Residues belonging to the same group were considered similar and shading was added to indicate 100, 80 and 60% column similarity levels. The bottom line shows the secondary structure assignment according to the ModE structure (H, helix; E, strand). Secondary structure elements were labeled following the ModE structure. DBD dimer. Such a conformational change would alter the distance between recognition helices and prevent the binding to the site present at grooves 1 and 2. Therefore, the conformational change within the regulatory domains most probably alters the DNA binding process by modulating the interaction among dimers. We would also like to point out that the above considerations justify the rigid body assumption of the conformational sampling protocol used to assemble OxyR models. If the DBDs present in both forms of the OxyR are capable of binding exactly the same site on the DNA, it is safe to assume that their conformations are not signi®cantly different and use the same rigid structure of the DBD dimer to build the full-length models of both the reduced and oxidized OxyR dimers.
Nucleic Acids
In their work describing crystal structure of the OxyR C-terminal domain, Choi et al. (8) also proposed a model of the interactions in the tetramer, based on the crystal contacts. They have aligned the tetramers of reduced and oxidized form, built according to crystal contacts, with the approximate model of a DNA region protected from the DNase I digestion by the OxyR binding. The model shows that in both the reduced and oxidized forms, the face of the C-terminal domain, formed by helices B, C and strands 7, 8 and 11, is turned towards the DNA molecule. This is in agreement with our model that shows the same face turned towards the DBD and DNA. However, the exact location of the contacts among dimers is not in agreement with our model. For example, the interface implicated by the crystal contact in the structure of the oxidized OxyR regulatory domain (residues 202±207 and 168±173) cannot be explained by our model if the two dimers occupy four consecutive major grooves on an approximately linear DNA molecule, as was indicated by the biochemical data. As is clear from Figure 2C , an interface between two oxidized dimers may involve the contacts between the wing regions of the HTH. Also, the C-terminal helix is exposed for the interaction with the neighboring dimer. This could explain results of the experimental studies of the OxyR (5) and E.coli CysB (6) that show involvement of the C-terminal end of the molecule in the tetramer formation.
The hydrophobic core of the DBD domain and intersubunit contacts According to our model the DBD of the OxyR protein consists of a globular part, containing the winged HTH structure, and the long C-terminal, backbone helix (a4). The core of the globular domain is formed by a cluster of hydrophobic residues: Y8, L9, L12, F18, A21, A22, C25, L32, I36, L47, L48, F57 (Fig. 3) . The side chain of Y8 is buried close to the center of the globular part of the DBD domain. It is surrounded by side chains of L9, L12, F18, A21, L32, I36 and L48, positioned within 6 A Ê distance. The side chain of L47 is located close to L9. Residues L48 and F57 are positioned at the base of the wing in strands b2 and b3. They form the hydrophobic contact that may play a role in stabilization of the wing structure. All the residues mentioned above are not exposed to the solvent (accessible surface area <30 A Ê 2 ). According to the sequence alignment (Fig. 1) , the hydrophobic character of these positions is conserved among both the LTTRs and ModE proteins. Moreover, in both the LTTR and ModE families, residues aligned to positions L12, V27, L32, I36 and L47 of the OxyR molecule are aliphatic. The alanine residues in positions 21 and 22 are highly conserved in both protein families. The fact that the residues forming the hydrophobic core of the DBD are highly conserved between the ModE and LTTR families further supports the validity of the alignment shown in Figure 1 and the homology modeling studies presented in this work.
The ®ndings of several mutational studies of LTTRs can be attributed to disruption of the hydrophobic core in the globular part of the DBD. The L32F mutation in OxyR causes weak DNA binding and low transcriptional activity in vivo (5).
Similarly, the V32I and V32A mutations in GcvA (29) (position equivalent to V27 of OxyR) and A27T in NahR (30) (A21 in OxyR) result in the loss of DNA binding. The V32I mutation in GcvA shows that even subtle changes within the hydrophobic core of the DBD may lead to impaired DNA binding activity. It is surprising, therefore, that a hydrophobic character of the positions corresponding to V27 in the OxyR is not strictly conserved among LTTRs (Fig. 1) . In a few exceptional cases (CysB E.coli, MetR Salmonella typhimurium, LysR E.coli) the presence of the hydrophilic residue in this position may be compensated by the`context', i.e. mutations in other parts of the DBD and subtle rearrangements of the hydrophobic core. Other examples of the mutations that are located in the hydrophobic core of the DBD and in¯uence DNA binding are I48T in E.coli CysB (6) (L48 in OxyR) and I33N (L32 in OxyR) in E.coli CysB (31). In the case of the E.coli CysB I48T mutation, it has been suggested on the basis of genetic analysis that this residue is involved in oligomerization. According to our model, residue I48 of CysB does not take part in the interaction between monomers forming the dimer. Its direct involvement in the interaction of dimers is also unlikely since the residue is buried within the core of the DBD. However, disruption of the hydrophobic core of the DBD could lead to alterations in the surface of the DBD that could interfere with tetramer formation. The examples described above show that even the relatively small changes to the residues conserved in the hydrophobic core of the DBD may change its structure enough to impair ef®cient DNA binding.
The second hydrophobic cluster present in the DBD of OxyR involves residues I3 and L6 positioned in the helix a1 and residues L64, V65, A68 and L72 located in the backbone helix (a4). The interaction between helices a1 and a4 may be important for maintaining the relative orientation of the globular part of the DBD and the backbone helix. This in turn is necessary for maintaining the distance and relative orientation of the two HTH motifs which are important for DNA binding (Fig. 3) .
The long backbone helices (a4) participate in the interactions between two DBDs and the interactions of the DBD and C-terminal domain dimers. In the OxyR, the interface between two helices buries 1338 A Ê 2 of the accessible surface area. The aliphatic residues L63, L64, V65, V75 and L78 form the hydrophobic core of this interface. The contact between the DBD and C-terminal domains is formed mainly by the N-terminal part of backbone helices a4 and the helices B belonging to the C-terminal domain. The contact is formed between helices a4 and B belonging to different chains of the dimer rather than between the parts of the same protein molecule (Fig. 2C) . The surface areas buried in this interface are 778.616 and 778.068 A Ê 2 in the reduced and oxidized forms, respectively; they change very little during conformational change between the two forms. Our models suggest that the interfaces between the DBD and C-terminal domain dimers lack an extensive network of hydrogen bonds and salt bridges. In the reduced form, hydrogen bonds are formed by residues Q59, S138 and D66, H130. Both these interactions are not present in the oxidized form. It seems, therefore, that the interactions between the DBD and regulatory domains are not very strong, which facilitates conformational change between non-active and active forms.
Protein±DNA interactions
Hall et al. (12) proposed that interaction of the ModE protein with DNA resembles that of DtxR, another transcriptional regulator containing a winged HTH motif. It was assumed that like DtxR, ModE does not bend the DNA molecule. Moreover, Choi et al. (8) in the discussion of the possible arrangement of the regulatory domain dimers in the tetramer structure argued that DNA bending by the reduced form of OxyR is caused by arrangement of the dimers in the tetramer structure rather than by the dimer itself. Therefore, we have followed the example of the ModE structure and built a model of the OxyR±DNA complex in which two recognition helices of DBD dimer are positioned in two adjacent major grooves of an unbent B DNA molecule. This model of the OxyR dimer±DNA complex is shown in Figure 2C and D.
We are aware of the fact that resolution of the theoretical model does not allow the study of the ®ne details of the protein±DNA interactions exclusively on the basis of the interatomic distances measured within the model. It is possible, however, to explore the structural similarity between the OxyR DBD and experimental structures of the DNAbound HTH proteins to ®nd conserved residues that most probably play an important role in the protein±DNA interactions. These data can be used to interpret, in a structural context, results of numerous mutational studies performed on the LTTR family members. We have, therefore, superimposed the HTH structure of the OxyR DBD model onto the HTH structures of several transcription factors for which experimental structures with the DNA are available. We have found that several residues, which are conserved in the LTTR family, are aligned with identical residues of the bacterial transcription factors DtxR (32), Rob (33), CAP (34) and Fis (35) . Fis has been included in the analysis in spite of the lack of experimental structures of the protein±DNA complex due to the fact that available models of Fis±DNA interactions were con®rmed by experimental data. We have also found conserved residues among HTH regions of OxyR and eukaryotic transcription factor RFX1 (36) containing the winged HTH motif. The analysis of the model structure, presented below, is supported by the conservation of the residues found in the structures compared.
The known structures of HTH proteins bound to oligonucleotides show that the recognition helix may assume various orientations with respect to the major groove of the DNA molecule. Similarly, the wing structure in the winged HTH motif may play different roles in protein±DNA interactions (37) . It may interact either with the phosphate backbone or the minor groove of DNA. According to our model, the recognition helix in the LTTR family is longer by one helical turn than in other HTH proteins. It contacts the major groove of DNA only via its N-terminal part. In OxyR the C-terminal part contains the negatively charged residues D41 and E42 and does not form protein±DNA contacts.
Residues corresponding to OxyR positions S33, R37 and K38 are well conserved among LTTRs. They are also present at structurally equivalent positions in the recognition helices of several other HTH transcription factors. Serine and threonine residues forming water-mediated hydrogen bonds with the phosphate backbone of DNA are present in RFX1 (36), Fis (35) , CAP (34) and DtxR (32) in positions equivalent to T31 of OxyR. It is likely, therefore, that the side chains of the residues T31 and S33 form water-mediated hydrogen bonds with the phosphate backbone. In DtxR the serine residue is located at a position corresponding to OxyR S33. The lysine/arginine residues interacting with the phosphate backbone are present in RFX1, CAP, Fis and ROB (33) in positions structurally aligned with R37 of OxyR. A second positively charged residue, which is involved in the interaction with the phosphate backbone and is structurally aligned with K38 of OxyR is also present in Fis and DtxR. The location of R37 and K38 residues within the model of OxyR DBD and structurally equivalent positions of other HTH proteins suggests the interaction of these residues with the phosphate backbone of DNA.
Biochemical studies on several mutated LTTRs con®rm the importance of residues equivalent to T31, S33 and K38 in protein±DNA interactions. The T31M and S33N mutations abolishes DNA binding in the E.coli OxyR protein (5) . The loss of DNA binding was also observed in the S34R mutant of S.typhimurium CysB (31) and the S38P mutant of E.coli GcvA (29) . Residues S34 of CysB and the S38 of GcvA correspond to position S33 in OxyR, according to the alignment shown in Figure 1 . The mutation R43H in NahR of Pseudomonas putida, which corresponds to position K38 of OxyR, resulted in the complete loss of DNA binding activity (30) .
The P30 residue of OxyR, located in the part of the recognition helix buried within the major DNA groove, is well conserved among LTTRs. The P35S mutant in NahR of P.putida (position aligned with OxyR P30) caused a 70% reduction in DNA binding (30) . It is dif®cult to determine the role of this proline residue in protein±DNA interaction. However, it is also present in DtxR at position 39 (structurally equivalent to P30 in OxyR), and it was shown that this residue is involved in the unusual van der Waals contact with the methyl groups of thymine bases and the serine residue at a neighboring position (32) . Although the resolution of our model does not allow us to study such subtle effects in detail, one cannot exclude the possibility that a similar mechanism may also occur in LTTRs.
There are two residues of OxyR that are likely to interact with DNA, and these are positioned in parts of the HTH motif other than the recognition helix. Residue S28, located in the turn preceding the recognition helix is likely to interact with the phosphate backbone, similarly to serine residues present in structurally equivalent positions in CAP and DtxR. This residue is well conserved within the LTTR family. An interaction with the phosphate backbone may also be formed by R19. This residue is located at the N-terminal end of the ®rst helix of the HTH motif (a2) and extends toward the DNA molecule. It is likely that this interaction is unique to OxyR because lysine/arginine is not conserved in positions aligned with OxyR R19 in other members of the LTTR family. According to our model the wing structure in LTTRs is ®ve amino acids shorter than the wing structure of ModE. LTTRs lack the glycine-rich¯exible region characteristic of ModE regulators. The wing structure in the LTTR family is therefore too short to interact with bases in the minor groove of DNA and its role is probably limited to interaction with the phosphate backbone. This is supported by the fact that LTTRs contain two conserved positively charged residues corresponding to positions R50 and R53 of OxyR. These residues may interact with the phosphate backbone but their side chains do not reach the minor groove of the DNA. The mutation R50W in OxyR abolished DNA binding (5) . In OxyR, residue K54 in addition to R50 and R53 may also interact with the phosphate backbone.
The model of the OxyR DBD domain shows that residues located outside both the HTH and wing structural motifs may be implicated in protein±DNA interaction. These are N2, R4 and H17 located in the helix a1 and the ®rst turn of the DBD. The mutation R4C in E.coli OxyR signi®cantly decreases the rate of transcription initiation from the oxyS promoter (5).
We are aware that the protein±DNA interactions described above concern interactions with the phosphate backbone of DNA rather than with the bases in the major groove. A predominant role for interactions with the phosphate backbone is not unusual. For example, this was observed in the experimentally determined structure of the DtxR±DNA (32) complex. The study of the ®ne detail of sequence-speci®c interactions with the DNA bases requires a more detailed model and must await the solution of the OxyR DBD±DNA complex structure by X-ray crystallography or NMR methods. Figure 4 shows the electrostatic surface potential of the OxyR dimer computed by numerical solution of the Poisson±Boltzmann equation. The C-terminal domain is negatively charged. In contrast, a positive charge is found in regions of the surface directly involved in protein±DNA interaction. The wing of the winged HTH motif is the most positively charged part of the DBD. This is in accordance with the postulated role of the wing in the interaction with the phosphate backbone of DNA. A positive charge is also mapped to the N-terminal end of the recognition helix which, according to our model, is positioned within the major groove of the DNA. The C-terminal part of this helix is negatively charged. This supports our result that this part of the recognition helix is positioned outside of the major groove.
The distribution of charges on the surface of the OxyR molecule suggests the involvement of an electrostatic steering effect during the formation of the OxyR±DNA complex. The positively charged DBD will be attracted toward the DNA molecule while the negatively charged C-terminal domain is repelled. It should be noted that the distribution of charges on the surface of OxyR is not a general property of LTTRs. For example, the cofactor binding domain of Klebsiella pneumoniae CysB protein is not predominantly negatively charged (data not shown). However, the positive electrostatic potential mapped to the surface of the DBD is a common feature since positively charged residues located in this domain are conserved among LTTRs.
All the experimental work regarding mutational studies discussed above and in the following section are listed in Table 1 .
Interaction of LTTRs with the C-terminal domain of the a subunit of RNA polymerase
It has been postulated that many prokaryotic transcription factors, including LTTRs, activate transcription by interaction with the C-terminal domain of the a subunit of RNA polymerase (aCTD). For example, mutational studies have shown that lysine 271 of the E.coli aCTD may interact with proteins regulating the transcription of cysA, melAB, araBAD and araE promoters (38) . The aCTD K271E mutation signi®cantly reduced the expression levels of reporter genes. Mutation of lysine 271 to alanine (K271A) reduces Fisactivated transcription from proP P2, rrnB P1 and rrnE P1 promoters both in vivo and in vitro (39, 40) . On the basis of the known structure of the aCTD it was postulated that residues 271±273 form a ridge on the protein surface which takes part in the interaction with the Fis transcription factor (39) . Alanine scanning mutational studies of Fis have shown that residues Q68, R71 and G72 are responsible for interaction with the aCTD (39) .
Biochemical studies of LTTRs have revealed a few mutants in which transcriptional activator function was impaired while repressor activity remained unaffected. Examples are the L30A and F31A/L mutations in GcvA (29) and Y27G in CysB (6) . It was proposed that these residues may interact with the aCTD. It was also shown that the rate of CysB activated transcription from the cysA promoter is signi®cantly decreased by mutations at position K271 of aCTD (38) . This suggests that LTTRs may interact with the same region of RNA polymerase as the Fis transcription factor. According to the alignment shown in Figure 1 , residues F31 of GcvA and Y27 of CysB occupy equivalent positions. Both aromatic side chains are exposed on the surface, do not directly interact with DNA and are therefore capable of interaction with the aCTD. However, the aforementioned residues are located in different parts of the conserved HTH structure compared with residues Q68, R71 and G72 of the Fis protein implicated in the interaction with the aCTD. In the case of GcvA and CysB, both aromatic residues are located in the ®rst position of the turn in HTH (Fig. 5A) . Residues Q68, R71 and G72 of Fis occupy the loop at the C-terminal end of the HTH motif. This means that there is a signi®cant difference between the location of the residues implicated in the interaction with the K271 region of the aCTD in Fis and LTTRs. The turn following the recognition helix in Fis is oriented in such a way that Fis and the aCTD may be positioned`side-by-side' on the DNA molecule (39, 40) . In contrast, the turn in the HTH motif of LTTRs is directed toward the part of DNA molecule positioned between the two DBDs of the dimer which makes side-by-side' interaction impossible.
Location of a putative RNA polymerase interaction region in the turn of the HTH motif is not unique to LTTRs. The structure of the OmpR transcriptional regulator (41) revealed that residues identi®ed by mutational studies as being involved in the interaction with RNA polymerase are located within the turn region extended to 11 residues (Fig. 5B) . Kondo et al. (41) postulated that as the turn region faces one side of the DNA, the aCTD may bind the DNA bases covered by OmpR. According to our model, a similar mechanism may be valid for LTTRs; the turn region faces one side of the DNA thus allowing interaction with the aCTD within the region covered by the DBD.
Biochemical studies of mutated CysB and GcvA proteins and our model suggest that the K271 region on the aCTD surface may take a part in the interaction with LTTR regulators, but the relative orientations of the interacting proteins on the DNA appear to be different than in the case of the aCTD±Fis complex. This may be caused by the presence of the wing in LTTRs that may hinder access of the aCTD to the end of the recognition helix. A detailed description of the interaction between the aCTD and LTTRs requires further studies that may be assisted by the model presented in this work.
CONCLUSIONS
Three well established and independent sequence analysis methods show that the N-terminal DBDs of the LTTR and ModE families of transcriptional regulators share remote, but signi®cant, sequence similarity. As the structure of the E.coli ModE protein is known, the sequence alignment of the ModE and LTTR protein families allows reliable homology modeling of the LTTR family DBD for which no structural insight is currently available. The model of the E.coli OxyR DBD indicates that the sequence conservation between the two protein families occurs mainly in the hydrophobic core of the DBD. Several amino acids located within the HTH motifs and implicated in DNA binding are also conserved in comparison Figure 2D. (B) The molecule is rotated by 90°around its long axis showing the face turned towards the DNA. Note the highly basic nature of the parts of the DBD which directly interact with the DNA. The negatively charged C-terminal part of recognition helix is marked by the square on both pictures. Figure 1 .
with other HTH proteins. Conservation of the hydrophobic core and functionally important residues further supports the sequence alignment presented in this work. We show by computer simulation that the homology model of the DBD dimer and the crystal structure of the C-terminal domain dimer determine their relative orientation in the case of both reduced and oxidized forms of the OxyR. There is a unique (RMS deviation of non-hydrogen atom positions of 1.3 A Ê ) arrangement of the DBD and C-terminal domain dimers in which the ends of polypeptide chains can be joined by¯exible loops without introducing steric clashes and the distorted conformations of a polypeptide chain.
Our model has permitted structural interpretation of biochemical results collected from studies on several mutated LTTRs. According to the model, even subtle alterations in the hydrophobic core of the DBD may result in severely impaired DNA binding activity. Other mutations in¯uencing DNA binding are mapped to residues directly interacting with the DNA molecule. Most of these direct protein±DNA interactions involve the phosphate backbone of DNA. We also applied our model to study residues implicated by mutational studies in the interaction with the a subunit of RNA polymerase. These residues mapped to the turn region of the conserved HTH motif and were oriented towards one side of the DNA molecule. This suggest that similarly to the OmpR transcription factor, the RNA polymerase may contact the LTTR factors within the DNA region occupied by the regulator. We believe that the model presented in this work may be of great value for directing further biochemical studies of the LysR-type family of transcriptional regulators.
